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ABSTRACT
This work investigates wood dynamics in braided streams through physical modelling in a mobile bed laboratory flume, with the specific objective to characterise wood storage and turnover as a function of wood input rate and of wood element type. Three parallel channels (1.7 m wide, 10 m long) filled with uniform sand were used to reproduce braided networks with constant water discharge and sediment feeding. Wood dowels with and without simplified root wads were regularly added at the upstream end of each flume at different input rates, with a 1:2:3 ratio between the three flumes. Temporal evolution of wood deposition patterns and remobilisation rates were monitored by series of vertical images that permitted the recognition of individual logs. Results show that wood tends to disperse in generally small accumulations (<5 logs), with higher spatial density on top of sediment bars, and is frequently remobilised due to the intense morphological changes. The amount of wood stored in the channel depends on  log input rate through a non-linear relationship, and input rates exceeding approximately 100 logs/hr determine  a sharp change in wood dynamics, with  higher storage volume and augmented formation of large jams (>10 elements) that are less prone to remobilisation. Presence of root wads seems to play a minor role on wood deposition, but it reduces the average travel distance of logs. Turnover rates of logs were similar in the three flumes, independently of wood input rate and largely resembling the turnover rate of exposed bars. For the simulated conditions, significant effects of wood on bed morphology were not observed, suggesting that interactions with fine sediments and living vegetation are crucial to form large, stable wood jams able to bring about relevant morphological changes.
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Introduction

In-stream large wood (LW) is recognised as one of the fundamental elements in river systems. Despite the topic received more and more attention over the last years, our understanding of the spatio-temporal dynamics of wood in river systems is still very limited. The morphological and ecological effects of LW were the first to be addressed by the scientific community  ADDIN EN.CITE (e.g. for a summary see Gurnell et al., 2002; Montgomery and Piégay, 2003), whereas LW storage and its spatial variability have been investigated only more recently  ADDIN EN.CITE (Marcus et al., 2002; Abbe and Montgomery, 2003; Hassan et al., 2005; Comiti et al., 2006; Comiti et al., 2008; Mao et al., 2008; Cadol et al., 2009; Wohl and Jaeger, 2009; Rigon et al., 2012). However, most of these studies may be considered as a snapshot in time and did not address the variability of LW storage over time. In order to characterise this spatial and temporal variability, the understanding of log transport dynamics (i.e. mobility conditions and travel distances) and wood input from upstream is necessary, along with local recruitment and decay rates (Benda et al., 2003).
Only few field studies  ADDIN EN.CITE (Haga et al., 2002; Gurnell, 2003; Moulin and Piégay, 2004; Wohl and Goode, 2008; Seo and Nakamura, 2009; Cadol and Wohl, 2010; Curran, 2010; Iroume et al., 2010; Merten et al., 2010; Mao et al., 2013) analysed actual wood transport dynamics (i.e. threshold for motion, travel distances, transported volumes).  Most of these studies were carried out in small streams, whereas much less is known on wood transport in large rivers, i.e. where log length is smaller than channel width  ADDIN EN.CITE (MacVicar et al., 2009; MacVicar and Piégay, 2012). Remarkably, the role of upstream LW supply on downstream LW storage variations has been poorly documented both in the field (Thevenet et al., 1998; Lassettre et al., 2008) as well as by modelling exercises. Conceptual models where wood storage is related to limiting transport or supply conditions, similarly to what usually done  for sediments, have put forward (Marcus et al., 2002; Rigon et al., 2002) These models  describe  wood transport as limited by hydraulic/morphologic conditions in narrow, shallow headwater reaches, which are characterised by relatively high wood storage levels,  and limited by wood supply (i.e.  from local recruitment and from upstream reaches)in large, deep rivers, which typically feature lower wood storage. Additionally, debris flow-dominated channels are likely to be supply-limited as well (Rigon et al., 2012). (see also Gurnell 2003). 
The existence of a sort of long-term “equilibrium LW storage” characterising each stream reach, determined by its boundary conditions (hydrological, morphological, vegetational)–– could be then hypothesised, paralleling the link between bedload transport and bar abundance. In particular, wood supply rate, size and timing is likely to play a crucial role in defining the equilibrium storage conditions, both in terms of LW volumes and spatial organization (Wohl et al., 2012), but the type of relationship (e.g. linear, non-linear, etc..)  between wood input rate and wood storage is unknown as well as hardly predictable, especially under complex and varying conditions in terms of supply/transport limitations as is the case of braided rivers. 
Indeed, in large gravel bed rivers the determination of   this relationship   is especially problematic, mainly due to difficulties in observing and measuring wood dynamics over  large drainage basins and wide sections often with multiple channels. . For this reason, mobile bed flume experiments are a valuable tool to explore how different LW supply rates may determine different levels of LW storage, in terms of both volume and pattern, and to investigate LW turnover times.
On the other hand, wood transport modelling (physical and numerical) poses several challenges, and only few flume experiments have been performed so far with the aim to characterise wood transport and deposition  ADDIN EN.CITE (Braudrick and Grant, 2001; Bocchiola et al., 2006a, b). Fixed bed conditions have been used in most cases, with the notable exception of Braudrick et al. (1997). Recently, Welber et al. (2013) simulated rapid, flood-induced wood dispersal over fully mobile braided networks. They showed that wood storage pattern is strongly linked to sediment bar pattern, with most wood depositing on the first bars downstream of the input point.  As to numerical models, a few attempts have recently been made to incorporate wood transport into hydrodynamic codes for predicting log transport trajectories and jam formation   ADDIN EN.CITE (Mazzorana et al., 2011; Ruiz-Villanueva et al., 2013). However, also in this case the simulations assumed fixed bed and bank geometry, which are not representative of flow conditions in many large gravel-bed rivers during wood-transporting flows. 
Our research aimed at investigating wood storage dynamics in braided systems through a physical modelling approach on a mobile bed flume, where self-formed braided morphologies were developed. The objectives of this paper are: i) to investigate the possible existence of equilibrium wood storage in braided systems; ii) to assess how wood storage varies due to different wood input rates; iii) to explore the relationship between channel morphology and wood storage; iv) to quantify the turnover of single logs and jams; v) to identify the main parameters controlling wood remobilisation.

Methods

Wood dispersal simulations were carried out in the Total Environmental Simulator (TES), a 11 m long, 6 m wide facility managed by the University of Hull (UK) and hosted by The DEEP Aquarium. Three 1.7 m-wide parallel flumes were built in the facility (Figure 1) and filled with well-sorted sand (median grain size 0.73 mm). Each channel was equipped with a submerged pump for water recirculation, a sand feeder for sediment supply and a filtering crate for output bedload collection. Flow discharge and longitudinal slope were set to 1.26 l/s and 0.013, respectively, in all three flumes. A bedload output rate tested during preliminary model runs (1.9 g/s) was assigned as constant sand feeding rate in all flumes. This set of parameters was chosen in order to form anabranches characterised by values of the width/depth ratio and bed shear stress typical of gravel bed rivers; to ensure a fully braided pattern in the available space; and to reproduce flow conditions suitable for wood transport. Braided networks developed freely under steady flow conditions from an initial, straight rectangular channel carved along the flume centreline. Bed morphology evolved to a fully braided configuration in approximately 6 hours. The flumes were then fed by the same constant water and sand input for 21 hours in order to attain a reach-scale steady state configuration, identified by the balance between time-averaged sand input and output fluxes, and by constant morphological conditions in terms of average number of anabranches. Network configuration was characterised in terms of the reach-averaged braiding index – computed following Egozi and Ashmore (2008) – and the presence and dynamics of dry bar surfaces was monitored. 
Cylindrical wooden dowels with and without cross-shaped root wads were used as proxy for logs. Piece length (8 cm) was selected with reference to the distribution of anabranch width to ensure ‘large’ river conditions (length to width ratio < 1). Dowel diameter and the size of the root wad were chosen on the basis of data collected in the Tagliamento River (North-eastern Italy) as reported by Bertoldi et al. (2013). In particular, dowel diameter (3 mm) was scaled with median grain size and the width of the cross-shaped element (12 mm) was computed from a linear relationship between root wad diameter and log diameter. 
Dowels were manufactured using birch wood with a wet density of 0.67 kg/dm³, closely matching density values reported by Thévenet et al. (1998) for riparian species in French rivers. Elements were colour-coded to help the identification of dowels with roots (striped) and facilitate dowel count. It is worth pointing out that the dimensions of channels and dowels in the present model were not precisely scaled from a specific prototype, but were designed to represent processes occurring in a typical large braided river (Paola et al., 2009). To this aim, wooden dowels were selected to be shorter than the width of single anabranches (‘large rivers’, sensu Piégay and Gurnell, 1997), and logs and root wads diameter were computed from linear relationships between root wad diameter, log diameter, and grain size derived from field observation in Italian rivers.
Wood dispersal simulations were carried out simultaneously in the three flumes (referred to as C1, C2 and C3 in the following) for a total of 18 hours. Groups of dowels were added at regular time intervals but different wood input rates, with a 1:2:3 ratio between rates for C1, C2 and C3. For the first six hours, cohorts were added every ten minutes and comprised 10, 20 and 30 logs respectively, 60% of which with roots. For the last 12 hours, input frequency was lowered to one cohort every 15 minutes and the proportion of logs with roots was reduced to 40% (see Table 1). Wood entered the flume immediately downstream of the inlet section, in the main channel. Input frequency within the same cohort was set to approximately 3 seconds to ensure uncongested transport conditions (as defined by Braudrick et al., 1997). 
Dowels exiting the flume were collected and counted after each input (every 10 minutes during the first 6 hours and every 15 minutes afterwards), while bedload output volume was measured every hour. A reflex camera mounted on a 1.5 m high overhead gantry was used to acquire series of vertical images covering the entire length of the flumes with a resolution of about 2 px/mm. Pictures were acquired every hour, during wood dispersal simulations. A set of ground control points was used for image positioning and red dye was employed to enhance contrast between wet and dry areas (Figure 2). For each flume, pictures were georeferenced and manually analysed to produce wood storage maps (Figure 3). 
Wood deposition sites were defined as either isolated logs or wood jams comprising at least two pieces touching each other. A unique set of coordinates was assigned to each site and the number of stored logs with and without roots was recorded. In addition, the number of logs joining or leaving each site was evaluated by comparing pairs of subsequent pictures. Dowels displaced by more than one log length (8 cm) from the original position were assumed as remobilised. Displaced wood can then form a new site or join an existing one. Deposition and remobilisation fluxes were recorded separately for pieces with and without roots. The complete database comprises three series of 18 wood deposition maps for a total of 5759 sites observed throughout the experiment. 


Results

Observed wood deposition patterns recall the typical features of log jams in large, multi-thread rivers (Figure 2). Logs are generally deposited in small groups, formed by less than 10 elements, with a large proportion of isolated pieces. Preferential depositional sites are at bar apexes, particularly where a stream bifurcation occurs, as well as along channel banks, mostly on the outer bends. Wood deposits are strongly related to sediment bars. Higher wood density is commonly observed on the top of bars, with larger groups at the upstream end and more spread, mostly single logs in the downstream part. Wood deposits are highly unstable and logs are remobilised after few hours, because of bed morphology reworking and/or changes in the discharge distribution in the anabranches, which may cause flooding of previously shallow/dry areas. Figure 2 shows an example of wood dynamics observed in flume C3. Three subsequent images are reported, with flow direction towards the bottom, showing typical processes: i) formation of a large bar-apex jam (BAJ on the figure); ii) single deposited logs on the top of a sediment bar (SL); iii) remobilisation of a large number of logs, due to increased discharge in the main anabranch (RJ); iv) deposition of various logs and jams as a consequence of the closure of one anabranch and the deposition/accretion of a large compound bar (DLJ).
Figure 3 shows two examples of wood mapping at low (A) and high (B) wood density. Stored logs deposited in the flumes range from 30 up to 90 logs/m² (after the first 6 hours of wood input) and correspond to approximately 70 to 200 logs in a one-width-long river reach.


Wood storage

During the first six hours of simulation log input rate was set to 60, 120 and 180 logs/hr for channel C1, C2 and C3, respectively. Rapid accumulation of wood is observed in all flumes, with higher rates for larger input. The remarkable retention capacity of (empty) braided networks is evident as wood output to input ratio (Figure 4A) ranges between 10 and 20% for the first hour and does not exceed 50% for the first 6 hours. The flumes show different responses to the reduction in wood input rates that occurred after 6 hours. Channel C1 continues to accumulate wood, albeit at a slower rate. The output flux keeps smaller than the input flux for most of the run, approaching equilibrium only in the last few hours. Channel C2 shows a strong output flux between t = 7 h and t = 9 h and then stabilises around a total storage of about 400-450 logs (Figure 4B), corresponding to a spatial density of approximately 40 logs/m². Notably, towards the end of the simulation channel C1 reaches a very similar density value (36-39 logs/m² after t = 14 h). Wood volume in C3 steadily increases up to t = 7 h and then is fairly constant during the interval t = 7-14 h, with a total of approximately 800 logs in the channel, corresponding to a spatial density of about 75 logs/m². After t = 14 h wood storage increases again up to 950 logs (87 logs/m²).
Spatial variations of wood storage rate are showed in Figure 4C. Log density is reported for 5 sub-reaches (1.53 m long) of channel C3. Marked differences can be observed in space and time, as both the number of logs and the number of sites per unit area can vary by a factor of two between sub-reaches. In channel C2 and C3, a higher density of wood occurs in the upstream sub-reaches (L1, L2, and L3) for the first 5 hours, but no specific trend is observed afterwards. In channel C1, a downstream decrease in log density is observed for the first 12 hours. No distinct downstream trend is observed in terms of percentage of logs with roots or jam prevalence.
Figure 4D shows the observed time evolution of the proportion of dowels with roots. Initially, a percentage ranging between 65% and 70% of deposited logs has roots (compared to 60% of elements with roots in input cohorts). This indicates a higher retention of elements with a root wad and/or a lower mobility. In the first 4 hours, only 20-30% of logs exiting the flume have a root wad. The percentage of elements with roots in input cohorts was lowered from 60% to 40% after 6 hours. The response of the system to the change in cohort composition is quite slow, decreasing from 70% to 60% only from t = 9 h onwards. However, in all flumes the proportion of stored wood with roots remains higher than the percentage in input cohorts throughout the simulation, suggesting that the presence of roots influences long-term wood retention.
Wood accumulation pattern in the three flumes was characterised in terms of jam size distributions on the basis of storage maps. Deposits show marked differences between flumes and distinct trends over time (Figure 5). We observed a tendency of logs to form small groups, with 30 to 50% of dowels deposited as single elements. The proportion of isolated logs decreases during the first 4-6 hours, with a clearer trend in C1 and C3, and stabilises around very similar values in C1 and C2 (about 40%) whereas the equilibrium value in C3 is much lower (25%). Groups with up to 5 logs represent a further 30-40% of wood. Large accumulation sites (n > 10 dowels) form in channel C1 only from t = 11 h onwards and remain rare in both C1 and C2, representing less than 10% of wood. In contrast, rapid formation of large jams is observed in C3, where from t = 6 h onwards up to 30% of logs are stored at sites comprising more than 10 elements. Moreover, a distinctive trait of channel C3 is the formation of very complex jams with more than 20 elements (up to 51 in one case), appearing as early as t = 6 h. These accumulations are responsible for the storage of 10-20% of total wood.
The different response of the three flumes to the reduction of input fluxes from t = 6 h, particularly considering the behaviour of channel C2, may suggest that wood storage dynamics are characterised by a non-linear response to wood supply. Observing both stored wood volume (Figure 4B) and jam size (Figure 5D) it is possible to notice that channel C2 moves from a configuration resembling that in C3 to a final configuration that is quite similar to that in C1. As a result, wood deposition patterns may change for an input rate larger than 80 - 120 logs/h, determining a higher proportion of larger wood jams.

Wood remobilisation and persistence

Wood remobilisation and turnover rate were investigated through analysis of subsequent images for each channel. The percentage of logs displaced after 1-h intervals is quite large and shows large fluctuations in time, ranging between 20% and 60%. Figure 6A reports on the LW remobilisation rate, computed as the number of wood dowels that moved between time t and time t+1 divided by the total number of logs stored within the network at time t. Interestingly, no clear differences between the three flumes can be observed, suggesting that intense log turnover occurs over a 1-hour interval regardless of wood input rate. Detailed analysis of wood fluxes shows that in most cases the whole log jam is remobilised, with only 5-20% of groups showing partial erosion. 
The presence of a root wad appears to enhance log stability, but differences in remobilisation rate between the two types of dowels are small if compared with the temporal fluctuations (Figure 6B). On average, the remobilisation rate of logs without root wads is approximately 5% higher, but the difference is statistically significant only for C1 (t test p-value = 0.04). The analysis was repeated taking into account only isolated elements and yielded no significant results, further confirming the weak effect of roots on wood stability. Similarly, remobilisation rate does not change significantly between isolated elements and logs in jams, particularly considering channels C1 and C2 where groups are smaller. In channel C3, from t = 6 h onwards, the proportion of remobilised logs ranges between 40% and 60% for isolated logs, but falls to 20-40% for logs in groups. A much larger difference is observed if only jams comprising more than ten logs are taken into account. In this case, less than 20% of logs stored in large jams are removed and in only one case a group of more than 10 elements disappeared completely within one hour.
It is possible to detail further the dynamics of wood deposition and remobilisation by looking at the proportion of dowels that rack up against previously deposited wood. Wood retention on pre-existing sites increases from 5% of all deposited dowels to slightly more than 15% in C1 throughout the simulation and fluctuates around similar values in C2 (Figure 6C). Pre-existing sites play a larger role in C3 especially during the last part of the experiment. Similarly to the previous observations, this effect can be explained by the presence of large jams (n > 10 elements) in C3, as retention on smaller accumulations is closer to that observed for all sites in C1 and C2 (dashed line in figure 6C). Overall, 85-90% of deposited wood in C1 and C2 and 70-80% of deposited wood in C3 forms new log jams, mainly on newly formed bars or along the banks of recently opened anabranches. The reported flume-averaged data are characterised by significant variations at sub-reach scale, but no obvious downstream trend is present, suggesting that distance from input section does not control deposition style
Furthermore, Figure 6D illustrates the effect of roots on the probability of a log to deposit on a pre-existing site. There is a slightly higher tendency of logs with root wads to form a new site, particularly in C3 where the wood input rate is higher. Logs without roots are more likely to travel a longer distance and therefore have a larger probability to find a pre-existing site on their path.
Wood retention can be also evaluated in terms of site persistence, computed as the number of maps in which individual accumulations are present. It is important to underline that the number of observations provides upper and lower limits for site age but no information about its real value. For example, the persistence of a site appearing in two subsequent images but not in the previous and following ones is greater than one hour but smaller than three hours. For the present analysis, sites were assigned the maximum value of age so that cumulative frequency distributions of site age can be expressed in the form of probability of non-exceedance curves. All sites appearing in the last image were excluded from the analysis, as their age is ‘artificially’ determined as a consequence of the end of the run. Cumulative frequency distributions of site age were computed separately for isolated logs and jams. Moreover, log jams in channel C3 were further divided into small accumulation sites of up to 10 logs and large accumulations, characterised by more than 10 elements in at least one picture.
Frequency distributions are similar between flumes both for isolated logs and for jams (Figure 7A). Overall, 60% of sites are observed in a single picture, implying that their age does not exceed 2 hours, while only about 10% of sites last for more than five hours and a negligible proportion of them persist for more than 10 h. In all flumes, jams (dotted lines in Figure 7A) are slightly less prone to erosion if compared to isolated logs (solid lines), with 50% of jams and 70% of isolated logs lasting for less than two hours. A dramatically different behaviour is observed for large jams (dashed line). In this case, approximately 40% of sites last for more than 5 hours, while a rapid erosion of jams with more than 10 elements is a rather rare event. 
Wood stability can be linked to morphological changes induced by the dynamic behaviour of multi-thread systems. We computed the persistence of dry bar surfaces in channel C2, taking advantage of a set of oblique pictures acquired every 10 minutes by a camera positioned above the upstream end of flume that helped in the localization of dry surfaces. The turnover rate of dry bars is remarkably similar to that of wood deposits, with about 40% of the areas that turned into submerged surfaces in less than 2 hours (Figure 7B). Up to 95% of the dry bars are eroded or flooded in less than 7 hours, mirroring the high turnover rate of wood deposits.


Discussion

The present set of laboratory runs represents the first physical simulation of long-term wood dynamics over a mobile bed resembling conditions typical of bar-braided gravel-bed rivers. These runs can help shed light on crucial processes related to the interactions between dead wood and channel dynamics, which are difficult to observe in the field. In particular, it gave us the possibility to investigate the role of upstream sediment supply, leaving the other parameters unchanged. 
Wood distribution patterns reproduced at the flume scale are reasonably similar to what observed in the Tagliamento River, a large, relatively low impacted gravel braided river. In the flume, dowels tend to jam in small groups, with only 30 to 50% of logs stored as single elements, and jams composed by more than 10 dowels account for less than 10% of wood in C1 and C2 and up to 30% in C3. Similarly, in the Tagliamento River single elements represent 30% of the logs within the active channel (ranging from 23 to 41 % depending on the sub-reach), and jams with more than 10 elements account for around 20% of wood (Mao et al., 2012). Towards the end of the simulation, large jams in C3 account for 4-5% of all deposition sites, a proportion similar to that reported by Marcus et al. (2002) for the braided to partially braided Snake River (USA). The flume experiments reproduce well the relatively low number of logs per jam, determined by the highly dynamic evolution of the bed morphology  ADDIN EN.CITE (see also Bertoldi et al., 2013; Welber et al., 2013). Highly retentive areas form and disappear rapidly in the braidplain, promoting the formation of new jams (or even the deposition of single logs). This behaviour changes only when the log input rate exceeds the value ofabout 100 logs/h. 
The amount of wood stored in the flumes can be compared with that observed in gravel-bed rivers, in terms of: i) number of logs per unit area scaled to the channel width, i.e. the number of logs in a river reach that is one width long; ii) scaling up wood volume to a typical field case, considering an undistorted model with a single  scale factor for river geometry and wood logs. The latter refers to a more common type of measurement, often reported in previous works (see also Wohl et al., 2010). The former parameter has been introduced because it is scale independent and therefore could be used to investigate different river types, i.e. with very different channel width..
With the designed log input rates, the number of logs stored in the channels ranged between 70 to 200 logs in one width/length river reach. Recent wood surveys in the middle course of the Tagliamento river, revealed an averaged amount of wood around 500 logs per one width/length river reach, ranging from 260 to 850 depending on the sub-reach (Mao et al., 2012). Considering that these values include logs transported during high-magnitude floods and deposited on very high bars and around islands, it seems that flume outcomes are reasonably comparable with what observed in the field. 
In European gravel bed rivers, wood storage in volumetric terms (m3 per hectare of channel bed, using for weight-volume conversion a wood density of 500 kg m-3), was observed to vary over a wide range, from values of about 2 m3ha-1 in the Tagliamento River (Gurnell et al., 2000) to about 100 m3ha-1 in the Ain River (Piégay and Marston, 1998). These fluctuations have been explained on the basis of several factors. For example, van der Nat et al. (2003) observed a variation by a factor of 3 between an island-braided and a bar-braided reach of the Tagliamento River. In the Piave River – North-eastern Italy, similar in several aspects to the Tagliamento but definitely more impacted by human intervention and structures – Pecorari (2008) estimated LW storage in the range of 4-9 m3ha-1, with higher values in braided  than in wandering reaches. In contrast, LW storage in a French wandering river (Drôme River) was assessed between 16-64 m3ha-1. Piégay et al. (1999) explain the relatively low storage observed on the Drôme River (compared to the Ain) with the long history of human exploitation of riparian forests. Wyżga and Zawiejska (2005) also report a variation of almost two orders of magnitude in wood storage mass between semi-natural and channelized reaches of the gravel-bed Czarny Dunajec River (southern Poland). Converting modelled wood storage to field scale wood volume is not straightforward. As a first approximation, we may consider a length scale factor of roughly 70 for flume and wood dimensions, in order to upscale the model to a prototype river with grain size of about 50 mm and a width of 120 m. By  this way, we obtain flume wood storage volumes ranging approximately between 10 and 30 m3ha-1, which is in the same range of field observations in wandering to braiding rivers.
One of the most relevant questions is indeed whether or not the amount of large wood volume found on the surface of a river bed could be used to infer the input rate of logs over long time scales. Evidence from the present experiments shows that the amount of logs stored in the channel at steady flow and sediment rates depends on wood input rate through a non-linear relationship. Interestingly, the volume of stored wood is relatively insensitive to input rate if the latter is low. We observed a clear change in wood dynamics for a wood input rate exceeding approximately 100 logs/h. Above this threshold, the amount of stored logs increases remarkably, mainly due to a different degree of organization of wood pieces in the channel. C1 and C2 show similar accumulation patterns in terms of single logs/jams ratio and size of the largest jams. On the contrary, C3 is significantly different, with large jams (including more than 10 logs) playing a crucial role. 
It is worth pointing out that the observed LW distribution is highly variable in space and in time. Values reported in Figures 4A and 4C show that wood transport and storage can vary by a factor of two between sub-reaches and between surveys. A river reach that is one width long is too short to compute a robust estimate of LW storage. Similarly, wood transport rate at single flood scale may show significant temporal variations, even at constant water, sediment and LW supply (e.g. due to abrupt changes in bed morphology and jam organization).
The high dispersal of LW in C1 and C2 depends on the highly dynamic morphology of the braided network, which changes its channel configuration on a very short time scale (around 2 hours), through shifting of anabranches and changes in discharge distribution at the nodes. Fast migration of sediment bars in the main anabranch is the main process responsible of the fast morphological changes (Bertoldi, 2012), but it also determines the formation and shifting of potential depositional sites (i.e. bar apex) where a large proportion of logs is stored (Bertoldi et al., 2013). Therefore, the  wood input threshold associated to a sudden variation in wood storage is likely a function of the rate of morphological changes. A less dynamic system is expected to form more stable wood deposits, characterised by a larger number of elements, resembling wood patterns observed in meandering or wandering rivers  ADDIN EN.CITE (Abbe and Montgomery, 2003; Manners and Doyle, 2008). The dominant effect of morphology in controlling wood dynamics is also evident when looking at remobilisation data. All three flumes show similar turnover rates, regardless of wood storage. The main process responsible for wood remobilisation is bar erosion, driven by morphological changes. Because of high sediment mobility, logs are then deposited on newly formed bars originating small wood accumulations. 
A further insight provided by the present experiments deals with the geomorphic role of wood deposits. Previous works show  contrasting results, indicating  that multithread planform configuration may either increase or decrease in complexity as a consequence of wood presence. Experimental work by Coulthard (2005) showed an increase in braiding index when fixed wood elements are placed in a sand bed, as they cause flow separation and enhance bar deposition. Likewise, Sear et al. (2010) stressed the role of wood in the formation and maintenance of complex multiple channel patterns in river systems.
Cadol and Wohl (2011) reported that key pieces of large wood are responsible for maintaining the multithread pattern of island-braided channels, as a result of a self-enhancing feedback between wood recruitment and jam stabilization. The importance of large key elements in self-reinforcing jams and increasing multithread pattern is also recognised by Collins et al. (2012). On the other hand, vegetation is often linked to a decrease in braiding index  ADDIN EN.CITE (Gran and Paola, 2001; Tal and Paola, 2007, 2010) as it stabilises bars and forces the flow in deeper channels. 
The temporal evolution of braiding index in the three flumes was measured before and during wood dispersal simulations. No statistically significant difference was observed between pre and post wood input configurations. Braiding index ranges between 3.5 and 5 and shows no particular trend in time (Figure 8). The present experiments show that wood alone, when free to move and deposit on self-formed braided topography, acts as a rather passive element which  does not affect significantly sediment transport and bed morphology at the reach scale. It is worth pointing out that the physical model used in the present study did not simulate some relevant processes occurring at the field scale, as  discharge fluctuations,  deposition of fine sediments downstream of wood elements that may stabilise bed morphology through vegetation establishment, vegetative reproduction of deposited wood and consequent root reinforcement of wood jamsand local habitat changes that may promote the growth of other plants thanks to shading and humidity retention. Our results thus suggest that in the absence of these processes wood is not effective in shaping  bed morphology of braided rivers because it is too mobile during bedload-active flows. . Further and more detailed investigation through analysis of bed topography and bed changes could  enhance these preliminary observations based on planform configuration and bed mobility.  
The last point to be discussed in this work is the role of depositional pattern (i.e. single logs vs. jams) and of log shape (i.e. presence of root wad) on log mobility. Previous flume and field studies  ADDIN EN.CITE (Abbe and Montgomery, 1996; Kollmann et al., 1999; Braudrick and Grant, 2000) showed that jam formation and complex log shape enhance wood stability. Our experiments showed that dowels  with cross-shaped roots are more likely to act as key members in jam formation and have a slightly higher persistence, but no statistically significant difference was found in terms of average turnover distributions. Again, the absence of fine sediments deposition is probably responsible for the limited effect of root wads in stabilising logs, in addition to the fact that in the present study  log remobilisation was investigated at constant discharge, i.e.  morphological dynamics were the key process. A larger effect of root wad presence is expected in the case of water level fluctuations, when exposed areas are rapidly inundated and wood can be remobilised by floating. Interestingly, accumulation size also plays a minor role on their persistence, unless the jam is formed by a large number of pieces. We observed a significant increase in jam stability when these exceed  10 logs. In fact, only large jams show a longer persistence and a small proportion of groups remobilised after 1-2 h. These large groups are characteristic of channel C3, where wood input rate was highest. Indeed, the introduction of 30 logs in a relatively short time could promote the formation of a smaller number of depositional sites, as all logs are exposed to the same bed topography and flow field, thus favouring deposition on the same locations. Events with intense wood input rates are not rare in braided rivers, e.g. following  rapid erosion of vegetated banks and islands, as shown by Bertoldi et al. (2013). Conditions leading to wood remobilisation are relevant to estimate the likelihood that deposited logs will form new pioneer islands, as described  by Gurnell et al. (2001) and Gurnell and Petts (2006). Furthermore, location and depositional pattern of (living) wood elements are crucial parameters determining their possible  growth, death or downstream drift (Francis, 2007) and consequently their impact on  bed morphology and fluvial ecosystems. However, in order to investigate  wood depositional patterns in more detail by physical modelling, it will be necessary toucial to  include both morphological changes and discharge variability (unsteady conditions typical of natural hydrological regimes). .

Conclusions
The paper reports on some novel laboratory observations on wood transport, deposition,  and remobilisation dynamics in a braided system subject to varying wood input rates. Although laboratory experiments are necessarily simplifications of the complex set of interplays  among hydrology, bed variations, riparian vegetation and large wood dynamics,  the obtained morphological and wood-related processes appear comparable with  gravel-bed river prototypes. Summarising, the flume observations allowed us to infer the following:
	Equilibrium wood storage and deposition pattern depend on upstream wood input through a strongly non-linear relationship, and large (>10 logs) jams formed only with the highest input rates;. 
	Neither  wood storage level  nor wood input rate  seems to affect braided channel morphology (e.g. braiding index); 
	Logs remobilisation rates  strongly depend on the dynamics of the braided network, which determines the persistence of anabranches and bars, but also the formation of new potential depositional sites. Deposits are generally short-lived in rapidly evolving braided networks regardless of wood supply, with the exception of very large wood accumulations;
	Logs with root wads tend to have a slightly higher persistence and they act as key members in jam formation, but no major effects can be observed in the depositional pattern and in the turnover rate of single elements.
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Tables 

Table 1: Wood input rate for the three flumes.

	C1		C2		C3
	hours 0 ÷ 6	hours 6 ÷ 18		hours 0 ÷ 6	hours 6 ÷ 18		hours 0 ÷ 6	hours 6 ÷ 18
Wood input rate [logs/hour]	60	40		120	80		180	120
Input frequency [cohorts/hour]	6	4		6	4		6	4
Cohort size [logs]	10	10		20	20		30	30
Logs with roots [%]	60%	40%		60%	40%		60%	40%


 


Figure captions

Figure 1. The TES Flume showing the configuration used for the present study, flow is toward the camera. Detail: Dowels with roots (striped) and without roots (solid colour) used for the simulations.

Figure 2.  Detail of wood deposited on a bar, including jams of various size and isolated logs, at three subsequent time intervals. Solid colour dowels have no root wad. Flow is from top to bottom. 

Figure 3. Two examples of wood dispersal pattern: A) low wood density in channel C1 after 7 hours of simulation; B) high wood density in channel C3 after 18 hours of simulation. Flow is from top to bottom. BAJ: bar-apex jam; SL: single log; RJ: remobilised jam; DLJ: deposition of log jam.
Figure 4. A) Wood output to input ratio; B) wood storage; C) log density in 5 sub-reaches of channel C3; D) percentage of elements with roots over total stored wood.

Figure 5. Wood distribution over accumulation size classes in A) C1; B) C2; C) C3; D) proportion of isolated logs for the three channels (continuous lines) and proportion of jams with more than 10 logs (dashed lines).

Figure 6. A) Percentage of remobilised wood over total stored wood; B) percentage of remobilised wood for logs with and without roots; C) percentage of wood deposited over pre-existing sites, over total deposited wood and considering only wood deposited on large jams; D) percentage of wood deposited over pre-existing sites, for logs with and without roots.

Figure 7. A) Persistence time of deposition sites for isolated logs (continuous lines); all jams (dotted lines); large jams in C3 (dashed line). B) Average persistence of dry areas in channel C2.

Figure 8. Braiding index in the three flumes as a function of time.






